THE RECTAL GLAND OF THE spiny dogfish, Squalus acanthias, secretes fluid with a high concentration of sodium chloride, thus providing an efficient mechanism for the excretion of salt in the interest of homeostasis (4, 5, 6 ). The gland carries out active secretion when perfused in vitro and under these circumstances chloride appears to be transported against both an electrical and a chemical gradient (18, 42, 43) . The perfused rectal gland, therefore, provides a model for study of the mechanisms of active chloride transport. These mechanisms were examined in the present series of experiments.
We have recently determined that secretion by the perfused rectal gland is modulated by the adenylate cyclase-cyclic AMP system, since the addition of theophylline or dibutyryl cyclic AMP to the perfusate immediately increases the basal level of chloride secretion several times (45) . With the addition of these agents, the response of rectal gland secretion to several different inhibitors of ion transport can be more easily studied. In addition, the intracellular composition of rectal glands in vivo and in vitro has been determined. The results permit the formulation of a general hypothesis of chloride transport linked to the operation of the Na-K-ATPase pump.
METHODS
Spiny dogfish, Squalus acanthias, of either sex, weighing 2-6 kg, were caught by hook and line in Frenchman's Bay, Maine. The animals were kept in marine livecars without food until sacrificed, usually within 4 days of capture. After segmental transsection of the cord the rectal gland was removed via a lower abdominal incision and its artery immediately cannulated with a PE-90 polyethylene catheter. After the arterial cannula was tied in place the perfusion was started. Cannulation of the rectal gland duct and vein with PE-90 polyethylene catheters was then performed, after which the gland was transferred into an aluminum and Plexiglas perfusion chamber kept at 16 t l°C by running seawater. The gland was perfused from an oxygenated reservoir by gravity flow at a pressure of approximately 4 mmHg and a flow rate of 3.5-9 ml/ min. The perfusion solution (shark-Ringer) contained (in millimoles per liter): Na, 280; K, 5; Cl, 270; bicarbonate, 8; Ca, 2.5; Mg, 1.2; phosphate, 1; sulfate, 0.5; urea, 350. The pH was 7.6 when gassed with 99% O2 and 1% CO,. Glucose (5 mM) was used as the sole exogenous substrate. The rectal gland secretion was collected at timed intervals in 1.5ml conical centrifuge tubes or, when volume was small, in loo-p1 disposable pipettes. All rectal gland vein effluent was collected for determination of flow rate and electrolyte concentration. Arterial perfusate samples were obtained through a selfsealing rubber tube placed just proximal to the arterial cannula. Transglandular potential differences were measured with 1 M KC1 agar bridges previously equilibrated with perfusate solution and an electronic voltmeter (Hewlett-Packard 410C) equipped with two calome1 electrodes. 
RESULTS

Perfusion of Unstimulated Rectal Gland
The initial secretion rate of 10 isolated rectal glands perfused with shark-Ringer solution was 568 t 96 &h per g wet weight. The secreted fluid contained 449 t 18 meq/liter of sodium, 11.7 _ + 0.7 of potassium, and 446 t 11 of chloride. The concentration of these electrolytes in the perfusing solution was: Na, 280; K, 5; and Cl, 270 meq/liter.
The osmolalities of the perfusion solution and the fluid secreted by the gland were equal, the difference in electrolyte con .centrati .on being balanced by the high concentration of urea in th .e perfusate. The potential-difference across the gland, measured in 30 perfused rectal glands, ranged from 0.5 to 19 mV, lumen negative, averaging 6.2 t 4.7. After the initial 15 min of perfusion, rectal gland secretion rapidly declined to 35-40% of its initial value, and diminished more slowly over the course of the first hour without change in the concentration of electrolytes. The average rate of decline observed in 10 glands is shown in Fig. 1 There was no difference between the inulin space at 15 and 30 min, suggesting that isotopic labeling of both extracellular and luminal fluid was achieved.
The inulin space averaged 29 t 0.8% of wet wt, slightly higher than in intact glands. Calculated intracellular concentration of sodium was 42.1 + 3.8, potassium 161.6 t 8.5, and chloride 116 t -10.6 meq/liter.
DISCUSSION
The rectal gland appears to have evolved in elasmobranch fishes living in seawater as a way to excrete excess salt on behalf of the constancy of the internal environment. The glandular secretion of live dogfish contains sodium and chloride at approximately the concentration of seawater. The organ is said to regress in elasmobranchs living in fresh water (33). Extirpation of the rectal gland of the seawater spiny dogfish, Squalus acanthias, produces a progressive rise in plasma sodium (14) , and it is possible to evoke secretion by the gland in live dogfish by injections of hypertonic sodium chloride into the bloodstream (4).
The isolated rectal gland can be perfused easily in vitro, and it has been established that a small basal secretion can be elicited, dwindling with time, in which chloride moves against both an electrical and a chemical gradient (18, (42) (43) (44) of Na+ from capillary to duct lumen (duct Na+/perfusate Na+ = 1.7) would be counterbalanced by a potential difference of -lOmV, duct lumen negative.
Potential differences more negative than this strongly suggest passive movement of Na+ into the lumen.
Secretion of salt against a mucosa-negative potential difference, implying anion secretion, has also been reported for the small intestine (37), colon (16), the gill of marine teleosts (25), pancreatic intra-and extratubular ducts (47, 48), biliary ducts (9), and salivary acini (49). In these organs, as in the rectal gland, mucosal negativity increases with stimulation of electrolyte secretion.
limb of Henle's loop (38) and in the cornea (52), while thiocyanate interferes with chloride transfer in gastric mucosa (19), cornea (52), and teleost gill (12). Although the rectal gland contains considerable carbonic anhydrase, the secretion of chloride was unaffected by a carbonic anhydrase inhibitor, in confirmation of previous work using the unstimulated gland (18). This contrasts with the effect of acetazolamide to inhibit secretion of salt by the avian salt gland (29), the pancreas, gastric mucosa, ciliary body, and choroid plexus (28), and to block inward transport (absorption) of chloride across the ileal mucosa (24, 32), amphibian skin (l), and teleost gill (12). Carbonic anhydrase inhibitors do not, however, inhibit outward secretion of chloride by the gills of marine teleosts (12) or theophylline-stimulated chloride secretion by intestinal mucosa (32) Chloride secretion by the rectal gland was inhibited by furosemide and thiocyanate. Both substances also inhibit active chloride transport in other tissues. Furosemide blocks :hloride transport in the thick ascending
The striking inhibition of secretion produced by ouabain was of special interest, since ouabain had previously failed to affect low levels of secretion by resting glands. The rectal gland is particularly rich in Na-KATPase (3), and since inhibition by cardiac glycosides blocks CAMP-stimulated secretion, it may be supposed that the enzyme plays a key role in the secretory process. The mechanism by which this occurs poses a dilemma, in part because of the anatomical location of Na-K-ATPase on the surface of rectal gland cells. These cells have extensive basal and lateral infoldings facing the extracellular fluid and blood, rather than the duct lumen. Autoradiographic studies with radioactive ouabain indicate that Na-K-ATPase is localized to these basolateral infoldings (20); sodium would therefore be pumped out of the cell into the blood, in a direction opposite to that in which glandular secretion actually takes place. In this respect the rectal gland resembles the chloride cells of the gills of seawater teleosts (21), the salt gland of birds (13), or the mammalian salivary gland (35). A further point of interest in the present experiments is the dependence of glandular secretion on the concentration of sodium in the perfusate. Chloride was not secreted in the absence of sodium and the rate of secretion produced by theophylline increased with increasing sodium concentration.
This was also true of CAMP-stimulated secretion by intestinal mucosa (30, 
Cl, meqlliter 78.9 + 7.1 69.7 zt 5.6 116 + 10.6 (6)
Inulin space, % wet wt 26.7 + 0.5 27.1 in 0.9 29.0 + 0.8
Values are means + SE. Number of observations in parentheses. 36), as well as of pancreatic (7), and salivary gland secretion (34). Chloride transport by the cornea (50), gastric mucosa (lo), and frog skin (51) is highly dependent on sodium concentration in the perfusate.
4) The process is blocked by inhibition of Na-K-ATPase, which is located chiefly on the contraluminal membrane.
the contraluminal cell border, together with the transport of Na+ by the Na-K-ATPase pump into the basolatera1 spaces constitute the operational equivalent of a chloride pump that actively transports Cl-into the cell. Chloride could be extruded across the luminal cell border by electrical forces. Recycled Na+, returned to the lateral spaces by the sodium extrusion pump, would diffuse down its electrical gradient into the lumen. This model does not account for the low level of basal secretion of chloride present in the unstimulated gland, which is not inhibited by ouabain. The attraction of this hypothesis (schematized in Fig.  9 ) is that it accounts for the transport of chloride by rectal gland cells against an electrochemical gradient in a way that is linked to and indirectly energized by Na-K-ATPase.
The function of the enzyme is to maintain a low intracellular concentration of sodium that facilitates the downhill entry of sodium into the cell, and a high intracellular concentration of potassium. The latter is responsible in large part for the negative intracellular electrical potential that extrudes chloride into the gland lumen and also serves as a force favoring the passive entry of sodium into the cell. direction of net chloride movement across the cell would be determined by the predomin .ant anatomical location of the coupled sodium-chloride carrier and by the relative chloride permeabilities of luminal and contraluminal cell borders.
The chief features of chloride secretion in the rectal gland are shared by a number of other biological systems in which active chloride transport has been demonstrated or is suspected. Examples include cornea1 epithelium, the thick ascending limb of Henle's loop in the kidney, "chloride cells" of the gills of teleost fish, mammalian salivary glands, chloride-secreting cells of intestinal mucosa, and, possibly, the avian salt gland and the mammary gland. The present hypothesis seems equally applicable to these tissues. Co-transport of sodium and chloride has been demonstrated in the gallbladder (15) and across the mucosal border of intestinal cells (31). Linked transport of NaCl as an ion pair was first suggested by Shanes (41) and
